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ABSTRACT

The intensity of the OH radiation from the recombination zone of
premixed Hy-Og flames is much greater than can be explained by pure-
ly thermal considerations, Previous studies have shown that this
extra-thermal radiation can be caused by any one of several chemical
reactions, The particular reaction responsible for the overpopulation
of the excited levels of the OH radical has been elusive. In this study,
by means of analytical examination of previous resulis together with
results obtained in new experiments, all except one of these reactions’
have been eliminated, The only reaction in the group which success-
fully fits in the scheme of all observed phenomena is

H+ OH + OH -~ OlI* + H,0

where OH* refers to the excited A 2p* state, Measurements were made
of the OH concemiration, temperature, jand radiant intensity from the

A 2rt—3x 2fli (0, 0) transition at 3084 A in several hydrogen lean

Hy-0O9 flames using spectrometric methods. These flames had differ-
ent equivalence ratios and were diluted with different quantities of dilu-
ent gases. Results from these measurements are used together with

the chemical reaction rate equation, corresponding to the chemical re-
action above, to calculate a value for the OH excitation rate {(Kyx). The
value found is 2.3 x 10~32 cmbS-molecule-3-sec~1, The errors involved
in the measurements and calculations are discussed.
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NOMENCLATURE

Probability per second that the atom in state J' will
spontaneously emit a quantum of energy and pass to
state J"

Spectral line broadening parameter

Probability per second that the atom in state J’ will
emit a quantum of energy and pass to state J” when
simulated by radiation

Probability per second that an atom in state J'' will
absorb a quantum of energy from the radiation field
and pass to state J'

Speed of light

Diluent nonreacting gas

Energy

Electronic charge

Mole fraction of species M
Statistical weight

Planck's weight

Radiation intensity

Rotational quantum number
Boltzmann's constant

Reaction rate for reaction i
Reaction rate for thermal excitation
Quenching collision rate for collisions with species M
Concentration of species M
Molecular weight

Number density

Number of moles

Absorption coefficient

Pressure

Resonance yield factor
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Q Radiation density

R Universal gas constant

T Temperature

v Vibrational quantum: number

w Wave number at line center of the designated spectral
line

SUBSCRIPTS

ch Chemiluminescence

D Doppler

e Equilibrium concentration
Energy state
Natural

th Thermal

w Frequency
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SECTION |
INTRODUCTION

Spectroscopic studies of the flame emission spectrum of OH in the
electronic transition A 221 — X'2q;. in the wavelength region from 2800
to 3300 A show that the intensity of radiation from some regions of the
flame is much greater than predicted on the basis of thermochemical
equilibrium. This extra-thermal radiation can possibly be attributed
to (1) concentrations of the OH radical greater than equilibrium concen-
trations, (2) creation of the OH radical in an excited state through a
chemical reaction, (3} excitation of the OH radical during a chemical
reaction, or (4) a combination of these.

Studies of extra-thermal radiation in flames have been conducted
for many years. The basic interest has been in the understanding and
analysis of the processes responsible for this phenomenon. It would be
of practical interest (1) to calculate the amount of radiation which would
be emitted from a flame if certain variables were known, and the inverse
problem (2) to specify certain properties of the flame from observation
of flame radiation. The first problem is a very real one and is assoc-
iated with observation of ultraviolet radiation from rocket exhaust plumes.
The second approach might assist in explaining chemical kinetics and
other phenomena associated with combustion processes, Both problem
areas are of concern in the Rocket Test Facility (RTEF).

One of the main difficulties with combustion studies has been in
having a combustion flame source that can be analyzed quantitatively.
A burner is required that will produce steady flames with a distinct
separation between different chemically active regions of the flame.
Only during the last 10 years have such burners been available. Con-
sequently, studies of extra-thermal radiation in flames is still in its
infancy,

In a rocket test program conducted in Propulsion Research Area
(R-2B), radiation measurements showed extra-thermal ultraviolet radia-
tion emitting from the rocket exhaust. The research herein was under-
taken in an attempt to explain this extra-thermal radiation and was con-
ducted in Propulsion Research Area (R-2E-4). This research was con-
cerned with the extra-thermal radiation from only the OH radical in
hydrogen-oxygen premixed flames. The two basic reasons for this are:
(1) OH radiation is present in almost every combustion process, and (2)
a storehouse of knowledge is available on the properties of OH, The
first task was to reorganize the facts which have been established by
experimental work and to summarize them to lay a basis for the study.
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An experiment was planned which could be used to guantitatively specify
the flame properties. Next, a suitable experimental complex was design-
ed and constructed to carry out the necessary measurements. Finally,

a theoretical and experimental program was carried out to isolate the
mechanism responsible for extra-thermal OH radiation.

SECTION 1
HISTORY

2.1 FLAME CHARACTERISTICS

A description of flame structure and an explanation of terms used in
flame studies are needed to discuss the study of flames. Basically, the
flame consists of three zones, or stages, in the combustion process.
These are, in the order of their relative positions above the burner, (1)
the reaction zone, where the initial chemical reactions and most of the
heat release occur, (2) the quasi-equilibrium zone, where recombination
reactions continue and shuffling reactions occur with species concentra-
tions decaying toward equilibrium values, and (3) the equilibrium zone,
where these equilibrium values have been reached and all chemiczal re~
actions are in equilibrium, Although the temperature may be changing
as the gases move through the quasi-equilibrium zone, because of heat
given or taken up by the recombination reactions, the change is usually
very small, and the temperature is essentially constant through this
region for most flames. In the equilibrium region, the temperature re-
mains constant for a considerable distance downstream. However,
radiation losses and mixing with outside gases slowly reduce the temper-
ature as the gases proceed away from the quasi-equilibrium zone. The
geometry and size of these zones change from flame to flame and burner
to burner and as functions of pressure,

2.2 EVIDENCE OF CHEMILUMINESCENCE IN FLAMES

Evidence of excitation of the OH radical in excess of that expected
thermally was first observed by Kondratiev and Ziskin (Ref, 1). They
observed that in low-pressure hydrogen flames the vibrational band sys-
tem of the A 22t — X 2II; transition of OH showed an abnormal vibra-
tional intensity distribution with bands of v' = 2 and 3 being relatively
enhanced, They attributed this to the reaction

H+ H, + O, - H,O + OH*
(D

where OH% refers to the excited A 25t state.
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Detailed studies of low-pressure acetylene flames were made by
Gaydon and Wolfhard (Ref. 2}). Their measurements were complicated
by the flame structure as shown in Fig. 1 (Appendix I). Radiation re-
ceived at the spectrograph originated in two or more regions of the
flame and made analysis of the data difficult, The most significant re-
sults of their work were the excitation temperatures measured by the
spectral line reversal of Fel and the rotational temperature from OH
emission, especially at low pressures {below 10 mm Hg). These meas-
ured temperatures were much higher than the theoretical flame temper-
ature. The results for OH were explained in terms of collisional and
radiative deactivation of the electronically excited OH radicals. It was
theorized that the OH radicals were formed in the reaction zone as a re-
sult of an unknown chemical reaction and that they were formed in the
25+ state with a high rotational energy. An average collision diameter
was assumed, and it was stated that deactivation by collision appeared
to occur on the average about 40 collisions. It was also theorized that
deactivation occurred mainly by collisions with O3 molecules.

In subsequent studies, investigators used improved burner designs
to give a flat, disc-shaped reaction zone. These flat flame burners pro-
duced flames with regions distinctly separated as shown in Fig. 2. This
allowed spectroscopic measurements of each region of the flame to be
made without interference from the other regions. A sheath of inert gas
was flowed around the flames.to prevent mixing with the surrounding air
so that the spectroscopic measurements would be made through a near
isothermal region of the flame.

Gaydon and Wolfhard (Ref. 3) attempted to obtain line reversal tem-
peratures for rotational lines 'of OH in an acetylene-air flat flame, but
the OH concentration was so small at low pressures that absorption lines
were hardly detectable. Estimates of the temperature were made for the
low rotational quantum number lines of the @ branch of the (0, 0) band and
were discovered to be much higher than the adiabatic flame temperature,

2,3 THEORIES EXPLAINING EXTRA-THERMAL EXCITATION OF THE OH RADICAL
IN FLAMES
2.3.1 Preasseciation Theory
A phenomenon known as predissociation and preassociation is de-

picted in Flig, 3. If a diatomic molecule is in electronic state B with a
vibrational energy {for the example in Fig. 3, v’ = 3) large enough to
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bring the molecule's total energy up to the energy of the continuum region
for a molecule in electronic state A, it may dissociate by undergoing a
radiationless transition to electronic state A. In a similar manner, if
the two atoms necessary for forming the diatomic molecule in question
have a combined energy (for the example in Fig, 3, this energy corre-
sponds to v’ = 2) residing in the continuum region of electronic state A,
they may directly combine or associate and form a molecule in electron-
ic state B.

In an investigation of OH radiation from the reaction zone of an
oxyacetylene flame, Gaydon and Wolfhard (Ref. 4) observed that the
rotational lines of the A 2-% — X 2114 (0, 0) transitions with high rota-
tional quantum numbers were weaker than those expected for a Maxwell -
Boltzmann distribution. It was thought that this might be a result of a
limited amount of energy, less than the energy state corresponding to
some rotational quantum number {J) in the 2% state, being available
from the chemical processes. This led to the investigation of the rota-
tional intensity distribution of the (1,0} and (2, 1) bands found at 2811 and
2875 A, respectively. In investigations of low-pressure oxyacetylene
flames, Gaydon and Wolfhard found that there was an abrupt decrease in
intensity of the higher rotational levels in the (1, 0) band and that the en-
tire (2, 1) band was weaker than predicted on the basis of thermochemical
equilibrium. Detailed examinations showed that this weakening occurred
at different energy levels in different vibrational bands, ZFigure 4 (taken
from Ref, 4) fllustrates the results found for the (2, 1) and (1, 0) bands.

For the (1, 0} band, the weakening occurred sharply at K’ = 18 at an
energy of 40,712 cm'l. For the (2, 1) band, all rotational levels were
affected so that the weakening occurred at or below K’ = 0 at 38, 221 em-1,
For the (0, 0) band, the weakening was less abrupt but seemed to occur for
rotational quantum numbers above K’ = 25 at 42, 630 cm™ 1.

Since the effect did not occur at the same absolute energy in all vibra-
tional states, it was concluded in Ref. 4 that it probably was not due to
chemical causes., It could, however, be attributed to predissociation for
two reasons. It is normal for predissociation (1) to occur at lower ener-
gies in higher vibrational energy states and (2) to show up stronger at low
pressures, as was found the case here.

H gases are in complete equilibrium, the OH band intensity distri-
bution and magnitude will be practically unaffected by the existence of
predissociation. It was stated that this is due to the fact that, in com-
plete equilibrium where all forms of energy{thermal, radiant, and chemi-
cal)are equipartitioned, predissociation must be balanced by preassocia-
tion. In this case, it was suggested that the predissociation reaction
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OH (X) - O ¢P) - H(S) (I

must be balanced at equilibrium by the preassociation reaction

OCP) - H(S) - OH (%) (111}

The radicals O and H must be in their ground states (3P and 2S), re-
spectively, since any of their excited states results in an energy
greater than the dissociation energy of the upper electronic state of OH,

L. It is noted that spin is conserved, and reaction (III) is, therefore,
a possible reaction as far as spin conservation is concerned.

If a case of nonequilibrium is examined where an excess of free
oxygen and hydrogen atoms exists, then the preassociation reaction
might dominate, and the vibrational bands for v/ 2 2 would be selectively
strengthened. For a simple flame of hydrogen burning in air, the three
bands (1, 0), (2, 1}, and (3, 2) appeared roughly equal in intensity, indi-
cating selective strengthening of levels with v/ = 2 and 3, Thus, Gaydon
and Wolfhard concluded that excess excitation of OH in flames for bands
with upper vibrational guantum numbers (v' 2 2), might be explained by
the preassociation reaction (Reaction III).

2.3.2 The Threes-Body Collision Theory

Independent evidence for the existence of high concentrations of
these atoms in Hp-rich flames was found by Bulewicz, James, and
Sugden (Ref. 5) by examining the reaction

Li + o= LiOH + H (IV}

in flames produced on a flat flame burner. The equilibrium constant for
this reaction is known, and the relative H concentration was determined
by measuring the red line emission of Li. It increased with H concen-
tration. It was found that the H concentration was very high near the re-
action zone and rapidly decayed to a nearly constant value as the flame
was axially traversed.

In a later study by Charton and Gaydon (Ref. 6), also using a flat
flame burner, measurements were made of the OH radiation of each
vibrational band as a function of distance above the burner for premixed
Hg-Ogp-Ny flames. This was compared with Li radiation measurements.
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The intensities of both rose very rapidly from the base of the flame and
then decayed to nearly constant values. Bands of OH arising from higher
vibrational levels decayed slower than the (0,0) band. An example of the
(0, 0) band radiation compared with the Li radiation, which is proportional
to the H concentration, is shown in Fig. 5 (taken from Ref. 8). The inten-
sity of the (0,0) band of OH was very strong at the base of the flame and
decayed rapidly with distance from the burner face although the tempera-
ture changed only slightly. Excess excitation of this band could not be
due to preassocmtmn since the term level dissociation energy of OH is
35,300 cm~! and since the upper vibrational energy for v’ = 0 is only
32,682 cm™l, It was theorized that the most likely source of excitation
was the three-body collision

O-1t+M<-OH* + M (V)

where M is any third body. This reaction is exothermlc and would give
4.3 eV, while excitation to the v’ = 0 level of OH(2L) requires only 4.0 eV,
LExcitation to the v = 2 and v = 3 levels requires a 4.7 and 5.0 eV, respec-
tively. Therefore, it was suggested that the preassociation theory was
correct for these levels since insufficient energy is available from Ré-
action (V).

2.3.3 Recent Three-Body Collision Theory

In studies of rich Ho-O9-Ng flames, Kaskan (Ref. 7) reported an
equation relating the OH rad1at1on from the first four vibrational levels
of the excited electronic state (2L) to the third power of the concentiration
of OH in the ground state. The study was conducted with a burner consist-
ing of a cylindrical mixing chamber which was capped with a flat water-
cocled porous plug through which the premixed gases were forced. This
resulted in flames with low rise velocities.

Bulewicz, James, and Sugden (Ref. 5) found that, in the quasi-
equilibrium zone, the species O, H, and OH are in equilibrium with one
another although the gas as a whole is still in a state of nonequilibrium.
This phenomenon is referred to as partial equilibrium. They explained
this to be due to two sets of reactions, one set being very fast, the other
relatively slow. The fast reactions reach equilibrium in less than one
microsecond after the gas passes through the reaction zone. These re-
actions are called shuffling reactions since they do not take the gas to
true equilibrium. They are given by
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Kyp
1,LO - 0 = 1, + O (VD)
K vy
LS H
O+ H =O0H+H (VID
K—vni
Kvur
O,+H = 0H+0 (VIID)
Kvinn

The slow reactions serve to bring the gas to complete equilibrium and
are called the recombination reactions.

Since Reactions (VI), (VII), and (VIII) are in equilibrium, the con-
centration of the species involved in each reaction is related by means
of an equilibrium constant. The equilibrium constants are functions only
of temperature and may be found from the following equations (Ref. 8):

logso Kyn = 202413 4 0.8002110 - 0.0357988 T - 0.0033622 T* (1)

log1o KviI ﬁfs;.—“g— + 1.3166863 — 0.0691961 T + 0.0040944 T (2)

logio Kvin = “222282 | 0,3271011 + 0.0170011 T - 0.00231636 T° (3)

The equations relating the concentrations of the species are found, using
Reactions (VI) through (VII), to be

(#,) [on]

oo AT 4
Kvi = Ti,0] LH] @
[oH] [H] (5)

Kvin = ST

(oH] [0]
Kvyiyg = ——ma 1
vl (0.1 [H] (6)

At this point, a distinction needs to be made between rich and lean
flames. Rich flames are by definition those in which there are an excess
of fuel and a shortage of oxidizer. In this study, then, rich flames are
characterized by large concentrations of atomic and molecular hydrogen



AEDC-TR-6%-95

and by small concentrations of atomic and molecular oxygen. Similarly,
lean flames are characterized by a shortage of fuel and, consequently,
have small concentrations of atomic and molecular hydrogen and large
concentrations of oxygen. This is summarized by:

{Hl, [Hp]: large in rich flames; small in lean flames

[0, [Og]l: small in rich flames; large in lean flames

In a rich Hg-Og flame, the concentrations of Hg and HpO are always
near their equilibrium values outside the reaction zone. This is true be-
cause most of the water in flames is formed in the reaction zone and the
concentrations of radicals which recombine to form additional water in
the recombination zone are very small compared with the concentration
of water formed in the reaction zone, The portion of hydrogen found out-
side the reaction zone in the form of free H is very small, Thus, the
majority of hydrogen remains in molecular form (H3) and as a constituent
of water in nearly constant concentrations throughout the flame.

By using these facts and Eqs. (4) through (6), the concentrations of
O, H, and Og in a rich flame can be found as functions of OH concentra-
tions by the eguations:

1 oy (7

H
(H] Kvi [H,0],

[}

L}

] 1
(6] OH)?
[0l KyyKyy [H,0], {0H] @

[0,] = ! ! [ony (9)
Kvir Kvy (H,le :

Kaskan (Ref. 7} measured the OH emission intensity as a function of
downstream distance from the (0, 0), (1,0}, (2, 1), and (3, 2) vibrational
bands of the A 2% — X 2II; transition. The radiation was found to be
very large near the reaction zone and to decay rapidly downstream. The
OH concentration was also measured at the same points by the spectral
line absorption method. When the intensity of each band was plotted as

a function of OH concentration on log-log paper, the result was a straight
line with a slope of 3 as shown in Fig., 6 (taken from Ref, 7). This shows
that the measured OH radiation was proportional to [OH]3. Kaskan also
attempted measurements in Hy-lean flames. In these flames, the OH
concentrations appeared to be only slowly varying with distance above
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the burner face and were very close to equilibrium. The emission in-
tensities also appeared to be only slowly varying except near the reaction
zone, suggesting the establishment of equilibrium in a short distance from
the reaction zone. Thus, the intensity variation with [OH] could not be
accurately obtained.

The possible reactions in rich flames which are energetic enough
to excite OH and which have rates proportional to [OH]3 were examined,
Kaskan found four such reactions, in addition to the preassociation re-
action, which explain the data. These were:

H + OH - OH'A*H,0 + OH* (IX)
0+ H+M%M+ one (X)
0+ H, + OB 3'H,0 « OH* (X)
H-0,+H 2'H0 + OH* (XTI

By using Eqgs. (7} through (9), it is verified that each of these does have

a rate proportional to OH 3, Each reaction showed regularities with the
data, but one was indistinguishable from the other as far as proving which
one led to OH chemiluminescence. The excess energy (AE) available from
each reaction for each of the first four vibrational energy levels for
OH(2L™) is shown in Table I, Appendix II {taken from Ref. 7). The nega-
tive signs mean that the reaction cannot go unless much additional energy
is supplied from another source, such as energy of translation of the col-
liding particles, From the data obtained from the rich Hg-Og-Ng flame
and the assumption that the preassociation reaction, Reaction (IIl), is

the cause for excess excitation of the v/ = 2 and v/ = 3 vibrational levels
of 2E, it is seen that any of the Reactions (IX) through (XII) might be the

reaction for causing excess excitation to the v/ = 0 and v’ = 1 levels,

SECTION HI
THEORY

3.1 BASIS OF THEORY

Examination of the OH radiation as a function of OH concentration in
lean H2-0Og2 flames may allow the identification of the reaction responsible
for the excess excitation of OH. Kaskan (Ref. 9), using a low rise veloc-
ity, porous, flat flame burner, found that, in Hp-lean flames, the OH
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concentration never exceeded the equilibrium value by more than an
order of magnitude and then only near the reaction zone where it de-
creased rapidly to its equilibrium value.

This is in contrast to Hy-rich flames where Kaskan (Ref, 10) found
the OH concentration to be several orders of magnitude greater than its
equilibrium value and persisted for a relatively greater distance down-
stream. This greater spatial extent of excess OH allowed the measure-
ment of OH radiation as a function of OH concentration in the Ha-rich
flame. The low rise velocity of the porous burner coupled with the
relatively larger OH concentration gradient in lean flames prevented
Kaskan from making similar measurements in the Hg-lean flame. He
also found that Hy-lean flames were difficult to stabilize on porous
burners.

In the quasi-equilibrium zone of a rich flame, it was found that
Reactions (VI) through (VIII} were in equilibrium. Until recently, exper-
imental evidence demonstrating these reactions to be in equilibrium
throughout the flame zone for lean flames has.not been available. Studies
of recombination reactions in highly diluted, lean Hg-Og2-A mixtures com-
posed of 97-percent argon were made in shock tubes by Getzinger and
Schott (Ref. 11}). ¥ was found that Reactions (VI) through (VIII) were zlso
in equilibrium in lean flames.

If it is assumed that the partial equilibrium conditions are true for
lean nondiluted, or slightly diluted H2-O2 flames, then the chemical
reaction can be isolated, which accounts for the chemiluminescence of
OH. If a burner could be constructed that would provide a steady, lean
flame with high rise velocity such that spatial resolution is increased,
then experimental data could be obtained to test the validity of the par-
tial equilibrium assumption. This is the approach undertaken in this
work,

3.2 THEORY OF OH CHEMILUMINESCENCE IN LEAN H2-0 FLAMES

In iean Hy-O9 flames, the purpose of assuming partial equilibrium
is similar to that found in rich flames. It allows the expression of the
concentrations of H, Hg, and O in terms of the concentration of OH,
Since the concentrations of HaO and Og will be essentially at their equi-
librium values throughout the flame and can be considered constant, then
Eqgs. (4) through (6) may be used to find the concentrations to be

[OH, Ky :

) 1
H = Ky ——mm— =
[ H [4,0]. {O,]. Ky Kvir Kvinn

(10)

10
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] l

i) - Kp ——[OIF ,Kg, = — 4
i) %2 Tol, [ B Kvip Kvmg an
. 1 . ]
= Kk Ol , Kk = ——m
Lol © Tn,01, ton ° Ky Ky (12)

By examining the Reactions (IX) through (XII) as the possible chemi-
luminescent reaction®s and using Egs. (10) through {12), it can be shown
that each reaction will yield a chemiluminescent intensity proportional to
[OH]S in a 1ean flame. As an example, consider Reaction (IX). The
kinetic equation for this reaction is

ORI _ K, 1) (oMY (13)

If the value for [H] in Eq. (10} is substituted into Eq. (13), then it is
found that

= Kix Ky fonjs (14)

d [ou]* 1
di [n,0]. {0,].

Each of the Reactions (IX) through (XII) has the form of

UasVae WS [OHF + X (XI10)

This general reaction can be used to develop a theory to explain the
extra-thermal excitation of the OH radical. Experimental resulis may
then be examined in the light of the theory and, combined with Kaskan's
results (Ref. 7) of the H2-rich flames, used to isolate the reaction re-
sponsible for the excitation.

Processes which must be considered in addition to the chemilumi-
nescent reaction are thermal excitation,

OH - M “PoH* + M (XIV)
and quenching

OH* + M*Z™OH » M~ (XV)

11
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At a particular station in the flame, the differential equation for the rate
of change of excited OH may be written as

d {oule
dt

= ki (UTIVI (W] + £ ke IMILOH] - Sk, [M) {fOB)* - A [OH]*  (15)

The first term on the right side of the equation represents the production
of excited OH by one of the chemiluminescent Reactions (IX) through (XII).
The second term represents the production of excited OH by thermal ex-
citation. The third term represents the depletion of OH by quenching,
The last term represents the depletion of OH by radiative transition. At
a particular station in the flame, the number of OH radicals being excited
is equal to the number being de-excited, and a steady-state solution is
possible. Therefore,

d{ox)+
& - (16)

and Eq. (15) can be solved for (OH)*. This results in

1
A+ 2k M

[oH)* = [k; [UT VI (W) - 3k, [M) [oul] (17')

The number of quanta emitted per second per unit volume (@) is then
given by

Q = AlONP = —— 32—y [k; [UIVI (W) + S Ky M) [ouil (18)
The factor (—A—h) is called the resonance yield factor and is com-
+m —m M

monly designated by p. It is the ratio of excited OH molecules which
radiate to the total number which are de-excited by radiation and quench-
ing. For alean H2-O2-D flame, where D is a diluent gas, the only mole-
cules with high enough concentration to contribute to the quenching would
be H0O, Op, and D,

The thermal OH radiation density (@) from the flame for a partic-
ular transition may be written as

O = (s.;s). (AIfO)H] o= E/KT (19}
Pedele VPp.lddy

12
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where, for the transition of interest, g, and g,, are the electronic and
vibrational statistical weights, {p.f.)e and (p.f.), are the electronic and
vibrational partition functmns, and E is the energy of the upper energy
state. If the ground (%D) state concentration of OH and the temperature
are known, then Q¢p can be found from Eq. (19). The last term of

Eq. (18) is also the thermal radiation,

The chemiluminescent radiation {Q¢p) is thus found by subtracting
Eq. (19) from Eq. (18). The result is

A . ’
Qeh = Q@ - Qu = m] k; (Ul (V] [W] {20)

The unknowns in this equation are the resonance yield factor, knowledge
of the reaction involved, and its excitation reaction rate (k;).

SECTION IV
EXPERIMENTAL THEORY, PROCEDURE, AND APPARATUS

4.1 EXPERIMENTAL OBJECTIVES

The first objective was to develop a burner suitable for producing
a steady Ho-O2 flame with a large rise velocity. The next objective was
to measure the parameters which would allow the calculation of the species
concentrations in various Hg-Og flames and to measure the total OH radi-
ation resulting from the A 22“' — X 2p; (0, 0) transition. These measure-
ments were made at various positions along the axis of the flame through-
out the quasi-equilibrium zone. As was discussed in Section III, two
parameters which would allow calculation of the species concentration in
an Hgp-lean flame are the OH concentration and the temperature. The
experimental theory, procedure, and apparatus for finding these para-
meters are discussed in the following sections.

4.2 THEORY FOR MEASUREMENT OF SPECIES CONCENTRATION BY THE SPECTRAL
LINE ABSORPTION METHOD

The theory necessary for obtaining an equation for the calculation
of species concentration from spectral line absorption measurements is
scattered throughout the literature. Therefore, it is summarized here
for convenience,

13
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If radiation from a continuum source is directed through a layer of
gas, the transmitted beam may show an intensity distribution similar to
that in Fig. 7. The gas is said to possess an absorption line at the wave
number (w,) which is the wave number at the line center. The absorp-
tion coefficient (P,) of the gas is defined by the equation

Iy = 1, e Tws (21)

where Ig is the intensity of the radiation from the source, ], is the in-
tensity after absorption at wave number {w), and x is the thickness of the
gas layer. From the experimental absorption curve, P, as a function of
w may be obtained as shown in Fig. 8. The width of this curve at half
maximum is called the half width and is designated by Aw. The absorp-
tion coefficient of a gas for a particular line is usually given by an ex-
pression involving w, Pg, and Aw.

The Einstein transition probabilities are related by the following
equations (Ref. 12):

gjﬁl

AJrJM= 2}11:0)3‘?1"— (22)
BJ'I" g]n
BJ"J‘ = BJ’ (23)
1

Arge =+ (24)

If a beam of light is directed through a layer of gas containing N atoms
per unit volume in the ground state and N’ excited atoms per unit volume,
then the decrease in the energy of the beam in the spectral range between
wand w+ dw is given by

—d[]mﬁw] =i BNwdxthJrjn :_;1

| =
- 8NG dxhow By o (25)

where 6N, atoms are capable of absorbing in the range between v and

w + dw and where 6Ny atoms are capable of emitting in this range. This
may be written to be

d . -
— _1 —&— 6&) = E (BJ"‘]’SN(;) - BJ‘J"B!\“("]) (26)
l, dx 4w .

14
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Differentiating Eq. (21) and dividing by I, results in

] dlg
Using this result in Eq. (26) yields
hw
Podo = 3o By=y2 BNy - By~ 8N,) (28)

Integration over the entire absorption line, assuming that sw<<w, gives

hw, -
J. Py do = po= (Bysy-Ny» - Byg~N;9) (29)
[

By using Eqgs. {22) and (23) which relate the transition probabilities,
Eq. (29) becomes

£y NJ" [ NJ'
I Pcu dm = ! 2 - J‘ Ty . (30)
gy Brcw, 7 &) Nj

In combustion flames, N3j/<<Ny”, and the second term is negligible com-
pared with the first term so that Eq. (30) may be written as

SJ‘ NJ’I

IP‘” do = (31)

B)* Brmewo’r

The f-value of a spectral line is regarded as a measure of the degree
to which the ability of an atom to absorb and emit a quantum is like that
of a classical oscillating electron. Mitchell and Zemansky (Ref, 12) show
that the f-value is related to the lifetime of the state {7} by the equation

.

re? g]' Nj

—— Nyl = (32)
mc gy 87c w2 T
Substituting this result into Eq. (31) yields
IP“’ dw = ——— Nj=ij=y- (33)
mec

15
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In the case where Doppler broadening is large and collisional and nat-
ural broadening can be neglected, the absorption coefficient is given by
the equation (Ref. 12):

2
Py, = P,exp [— o Z Ba) (:;Dwn) En 2 ] (34)

The Doppler width at half intensity is given by

Awp = 7.162 x 10~ % (35)

where M is the molecular weight of the absorbing spemes. Integrating
. (34) over all wave numbers results in

fopw dG) L ;_

Now equating the right hand sides of Egs, (33) and (36) results in

”2 P, Awp (36)

1 7
Ny~ f12q = — |— P_A
— J J7) 3 tng © @D (37)

If, in addition to Doppler broadening, collisional and natural broad-
ening must be considered, then it has been shown by Penner {Ref. 13)
that the true integrated line absorption is related to that found by assum-
ing pure Doppler broadening through the broadening parameter a’, where

Aoy + Awe) tEn 2% (38)
Awp

4
a =

with Awp and Aw _ being the natural and collisional widths at half inten-
sity, respectively. The true integrated absorption coefficient is now

written as
o P A&JD
J' P, du = JZ 2 {39)

2 fexp (a’?] [eric a

o

16
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If a knowledge of a’ is available, then it is necessary to measure only

the peak absorption coefficient and temperature to calculate the inte-
grated absorption coefficient. Oldenberg and Rieke (Ref. 14) have shown
that one method for doing this is to use a source emitting a line much
narrower than the absorption line so that, by measuring the peak of the
narrow emission line with and without absorption, the peak absorption
coefficient (P,) can be calculated. This principle is illustrated in Fig, 9.

For rotational equilibrium, the number density of a molecule in a
vibrational-electronic ground state with rotational quantum number J” is
given by

2J”+ l

e e e — N p— red
(pf)e (pul)y ° exp [-Ej 7k T] (40)

NJ" -

Combining Egs. (33), (39}, and (40), evaluating the constants, and solv-
ing for N, result in

(p.f.) (p-f.)y PkoD

N, = 1.208 x 10**
. * (2174 1) £y - [exp ta )] lerfc a]

(41)
x exp [(Ej/kT]

If the only unknowns are Py and T and these quantities are measurable,
then the ground state concentrations (Ny) can be calculated.

4.3 MEASUREMENT OF OH CONCENTRATION AND TEMPERATURE

In order to apply Eq. (41) to the measurement of OH concentration,
it is necessary to know the various parameters involved. These para-
meters are discussed, and the procedures used to make the measure-
ments are described,

Kaskan (Ref. 9) showed that the rotational partition function
T(p. £.)p) could be accurately calculated for OH for T > 1200°K by the
approximating expression

(pud)y = (42)

where B is the rotaiional constant for the 211 state of OH and is taken as
18.51 ecm~!, The vibrational partition function was calculated by the use

17



AEDC-TR-69-95

of the equation

(pf)v = Z exp [En/kT] {43)

where E,, is the energy of the vibrational level n of OH as found using
the vibrational constants in Herzberg (Ref. 15).

The transition probabilities Ajsj' are listed in Dieke and
Crosswhite (Ref. 16) and are related to 37+ by the equation

F AJ’J”

fn-:_________
17 2171

(44)

where F is called the transition probability coefficient. The value of F
for the A 22+ — X zni (0,0) transition is taken as 3.07 x 10-4 sec as
found in investigations by Oldenberg and Rieke (Ref. 14), The value of
a’ was

atmospheres

, P :i
a = 450? ox (40)

as found by Kaskan (Ref. 7) by correlations of OH measurements with
other observables in flame gases, and he gives the average value ob-
tained in several line width determinations. Figure 10 shows the values
of {p.f.)r and (p.f. )y, and Fig. 11 shows the value of the broadening
factor, [exp(a')2]-1 [eric a'] -1, each as a function of temperature.

The rotational line used in this study for the spectral line absorp-
tion measurements was the Rg3 line of the A 2rt—x 2Hi (0, 0} band
found at 3077 A since it was easily resolved with the spectrometer being
used. The value of Ayry in Eq. (44) for this line as found in Dieke and
Crosswhite (Ref. 16) is 8.9. This was later corrected by Learner
(Ref. 17) for rotation-vibration interaction to 8,8, The value of Ej” for
the RZ line is given by Dieke and Crosswhite (Ref. 16) to be 289 cm™1
above the ground state. The value of Awp as a function of temperature
for the R} line shown in Fig. 12, by rewriting Eq. (41) and using the
parameters discussed above, the OH concentration can be expressed by

(p.fde (p.1.)y Py Awp

[OH] = 4.47 x 10
* {exp (a ] lerfe a1

exp [416/1] (46)
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The peak absorption coefficient per unit path length (Pg) was obtained
by measuring the intensity of the RZ line radiating from a narrow line
source both with (Igf) and without (Ig) the flame in its path. Then P, was
found by the equation

P0=—Pn

F (47

where £ is the flame thickness,

The only remaining parameter necessary for the calculation of the
OH conceniration was the temperature. The method used was the infra-
red emission-absorption technique as described by Brewer and McGregor
(Ref, 18). It involved the measurement of the absorptivity [ep(1}] and the
radiance {Np(X, T)] at a particular wavelength (A). The absorptivity was
measured by placing a continuum source behind the burner and measuring
the intensity of the radiation at a particular wavelength (Iz) and without
(Igp) a flame in its path. The absorptivity ({«;{A)) was found by the equa-
tion

ar = 2oL (48)

Modulation of the source and a synchronous rectifier-amplifier was em-
ployed to isolate the sour ce from the flame. The radiance of the flame
Nf was then measured by blocking the source radiation with a shutter and
modulating the flame radiation with a chopper internal to the spectro-
meter. The radiance of the source was known, and the optics were so
arranged that both the source and the flame filled the view angle of the
spectrometer. By comparing the recorder deflection obtained with the
source and no flame (dg) with the recorder deflection obtained with the
flame (df), the radiance of the flame could be found. The equation was

. - d
Ne A, T = ¢ df

€< Nb (A, T) (49)

where € ¢ is the emissivity of the source, Ty is the temperature of the
flame, Tg is the temperature of the source, and € is a correction due

to absorptivity of the cell windows between the source and the flame.

The path between the source and the flame was purged with Ng so that
moisture present in air would not absorb the source radiation and cause
an error In the calculation of Nf(l, Ts). The wavelength used was 2,46 g,
which is at the edge of an H9O band, This was found to be the optimum
wavelength for obtaining accurate values of emission and absorption,
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The equation for calculating the temperature, for this particular wave-
length, resulting from the method shown by Brewer and McGregor
{Ref. 18) is

5845
n E.gs = JU® _q_‘&] (50)
)

TK) =

N¢tA, T

Substituting the value of T, which was calculated using Eq. (50),
and the value of P,, which was calculated using Eq. (47), into Eq. {46)
results in a value for the OB concentration.

An optics diagram is presented in Fig. 13, showing the arrange-
ment of the spectrometers and optics about the burner as used to make
the OH absorption and emission measurements and the infrared emis-
sion and absorption measurements.

4.4 MEASUREMENT OF OH EMISSION FROM A 25..X 2[], (0,0) TRANSITIONS

The method used for measuring the total band emission from the’
A 21+~ X 214 (0, 0) transitions of OH was that developed by Kaskan
{Ref. 9). He has shown that , by meaguring the relative peak height of
the (0, 0) band, which occurs at 3090 A, the relative upper state popu-
lation as a function of axial distance would be found. He showed such
an approximation to be accurate to within 10 percent in the 1200 to
1600°K temperature range, but this has recently been extended and found
useful at higher temperatures up to 2600°K (Ref. 19).

A check for self-absorption was made by placing a mirror on the
side of the flame opposite the spectrograph and cbserving the increase
in intensity for radiation from the flame being reflected back through the
flame and into the spectrograph. The change in self-absorption for the
(0, 0} band over the flame region of interest was less than 3 percent.
Since the measurements taken were only relative measurements, this
change in self-absorption was considered negligible.

To prevent errors to the emission measurements duée to reflectance
from a cell window on the opposite side of the flame from the spectro-
graph, the window was covered with black felt while the emission measure-
ments were made.
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4.5 DESCRIPTION OF APPARATUS
4.5.1 UV Spectrometer

A 3/4-meter Czerny Turner grating spectrometer having an optical
speed of /6.8 and equipped with straight slits was used. The grating had
1180 lines/mm and was 104 by 104 mm in size. The detector used was
a 1P28 photomultiplier tube. The external optics consisted of a 3.8-cm-
diam fused silica lens with a focal length of 14 cm and a fused silica dove
prism mounted so that a horizontal image on the flame was focused on the
vertical slit of the spectrograph. This provided a spatial resolution along
the flame axis of approximately 0.5 mm. This system was used for both
the OH absorption measurements and the OH emission measurements from
the flame. For the absorption measurements, a slit width of 0. 015 mm
and a slit height of 5 mm was used. For the emission measurements from
the flame, a 0. 2-mm slit width was required because of the low intenstiy
of the flame emission.

4.5.2 IR Spectrometer

A Perkin-Elmer double-pass prism spectrometer eguippéd with an
NaCl prism was used. The detector used was a lead sulfide cell. The
external optics were identical with those used on the uv spectrograph.
This system was used for the HpO emission and absorption measurements
for use in calculating the temperature. A slit width of 300 ¢ and a slit
height of 5 mm were used.

4.5.3 OH Source

A capillary, end view, water-cooled discharge tube was used to pro-
vide a narrow line source for the OH absorption measurements. The
capillary was 15 cm long and 3 mm iIn diameter. It was surrounded by
a water-cooling jacket. A fused silica window was installed at one end
of the tube, Argon was bubbled through water and pulled through the tube
by a vacuum pump. The tube was operated at a pressure of 8 mm Hg.
The low pressure and water-cooled jacket combined to ensure a narrow
emission line compared with the broad absorption line of the flame. A
diagram of the discharge tube is shown in Fig. 14. A 2-cm-diam quartz
lens with a focal length of 10 cm was used to focus the radiation from the
tube to a point on the vertical axis of the flame.

4.5.4 Continvum Source

A Barnes blackiody simulator having an emissivity of 0. 99 was used.
It had a temperature range of irom 200 to 1000°C. The source diameter

21



AEDC-TR-65-95

was 1,25 em. A 3,8-cm-diam quartz lens with focal length of 14 cm was
used to place an image of the source on the vertical axis of the flame.

4.5.5 Burner

A water-cooled flat flame burner as shown in Fig. 15 was used.
The top section of the burner consisted of a copper plate 1/2 in. thick
with a square pattern of 1/16-in. -diam holes evenly spaced 1/8 in., apart.
The flame was confined to a 3- by 2. 8-cm center section of the burner
face. This was surrounded by an Ng sheath, 1 cm wide. A water-cooling
passage lay just outside the sheath, The lower section of the burner con-
sisted of a mixing chamber filled with copper shot as shown in Fig. 15.
This burner produced a flame having a flat temperature profile for a dis-
tance of at least 6 cm downstream. At points above this distance, the
profile began to round out somewhat but still remained relatively flat for
a few more cm, All data taken in this study were in the 0- to 5-cm range.
The burner was mounted on a vertical hydraulic jack in the test cell so
that it might be positioned for measurements at various axial positions
in the flame without moving the spectrometer,

4.5.6 Gas Control and Measuring System

The gas flow measuring system consisted of a network of orifices and
pressure transducers. The orifices were calibrated for volume flow of
each gas of interest against upstream orifice pressure, The calibration
was accomplished by flowing a gas through the orifice at a particular up-
stream pressure into a vacuum tank of known volume. The volume flow
could then be accurately calculated by recording the rate of pressure
change and the rate of temperature change in the vacuum tank and appli-
cation of the equation,

\’—-=ETE—+nﬁ——- (51)

where V is the volume of the tank, P is the pressure, R is the uvniversal
gas constant, T is the temperature, t is the time, and 1 is the number of
moles. It was found that the tank was large enough so that dT/dt was
negligible and Eq. (51) reduced to

U L (52)

' d1 dt

A schematic showing the arrangement of the gas control and measuring
svsiem as applied to each gas is shown in Fig. 16.
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4.5.7 Test Cell .

The test cell consists of a 12-in, -diam vertical steel duct with four
circular ports of 6-in, diameter. It is connected to the main pumping
system of the Rocket Test Facility and has the capability of operating at
any pressure in the range from 0. 5 to 760 mm Hg. For this study, the
pressure was maintained at 380 mm Hg. This was found to be the best
pressure for providing a steady flame so that the needed parameters
could be accurately measured. A schematic of the test cell is shown in
Fig. 17. A photograph showing the arrangement of the apparatus around
the cell is presented in Fig. 18,

SECTION V
RESULTS AND DISCUSSION

5.1 BURNER CONFIGURATION EXPERIMENTS

Burners of different size and design were built and tested at various
pressures in an attempt to produce a stabilized lean Hy-Og flame. The
early experiments involved burners with porous plug faces such as that
used by Kaskan (Ref. 9) for studies in rich flames. These were found
unsatisfactory for the present study because of the low rise velocity of
the flames and the instability of flames produced by them.

The next step was to use burners with faces made from thick metal
plates containing many small holes. These burners were found to produce
a fairly steady Ha-O2-D flame. Without the diluent gas, the pure Hg-Og
flames flashed back and burned inside the burner causing damage. The
reason for the difference in the two flames may be attributed to the fact
that the diluent gas reduces the flame velocity and results in a steady
uniform flame. A modification which improved the stability of the lean
flames was to lower the flame section of the burner slightly below the
metal surface as shown in Fig. 16. This served as a place for the flame
to attach and prevented flickering. Another modification over earlier
burners was the use of a square patiern for the burner face. This im-
proved the temperature profile of the flame and resulted in almost com-
pletely uniform temperature throughout the regions of interest.

The burner was operated in various pressure environments and was
found to provide steady flames for the pressure range of from 200 to
760 mm Hg. Throughout the present study the burner was operated at
380 mm Hg.
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5.2 FLAME EXPERIMENTS
5.2.1 Measurements

Measurements of gas temperature, OH concentration, and the band
intensity in emission from the A 2% — X 2].11 (0, 0) transition of OH were
made at various axial positions downstream of the reaction zone in six
Hy-05-D flames resulting from premixed gases with different composi-
tion. The compositions, operating parameters, and results of OH con-
centration and temperature measurements are shown in Table II for the
six flames investigated. The temperature as shown in the table was found
to be constant throughout the region investigated. The rise velocity, (X),
which is the velocity at which the hot gases proceed downstream of the .
reaction zone, was calculated for each flame by measuring the input
mass flows {m) and using the mass conservation equation,

p A X = consltant (53)

where p is the gas density and A is the cross-sectional area of the flame.
Since this was a one-dimensional constant pressure process, the velocity
axial profile was constant downstream and could be calculated by the
equation,

X= 23 (54)

5.2.2 Culculotion of Species Concentration

Temperature and OH concentration measurements that were used to
calculate the concentration of each species in the flame are listed in
Table II. The diluent gas used in each flame did not enter into the re-
actions and could, therefore, be considered inert. This allowed a method
to be developed for using Hg-0O2 flame tables combined with the measure-
ments of temperature and OH concentration to find the concentration of
each species in the flame. The species normally found in the Hy-Og-D
flame are Hp, Oy, H, O, OH, Hy0, and D. Photographs of the spectrum
from 2700 to 5500 A were made, and no evidence of impurities was found.
The method for finding species concentration is described below.

The concentration of hydrogen atoms (nH}, whether present in the
flame as free atoms or as a constituent of one of the species, may be
written as

oy = 2[00l - 21} + [OH] - [0} (55)
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The concentration of oxygen atoms (ng) may be written as

ng = (1,0l + 2[0,] + {0ON] + [O] ) (56)

The ratio of the number of diluent gas molecules to the number of hy-
drogen atoms (ny) may be written

— - R (57)

where R may be found from knowledge of input flows and is given by

Volume Flow late of D

R = (58)

2 x Yolume Flow Rate ol I,

Combining Eqs. (55) and (57) gives
DI = {201,071 + 20,1 « [on] « (59)
The concentration of all molecules (n) in the flame may be written as

n = (D] + nlig,o - fog - Fu, - fg, ~ fa - fiol (60)

where the f's are the various species mole fractions. The value of the
number density of molecules (n} may be calculated from the ideal gas
law

el
>

=
I
l|

(61}

-v
—

where P is the pressure, N is Avogardro's number, R is the universal
gas constant, and T is the temperature.

To use the values of mole fractions as found in equilibrium tables,

Eq. (60) must be rewritten to account for the dilution of the flame by D,
This results in the equation,

no= (D) - Clifi,o - fon ~ I, - fo, - fi1 - 5} (62)

where C is now an unknown less than n and the f's are pseudo mole
fractions and are the true mole fractions that would be found in an
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Hy-O, flame if (D] = 0. Since HyO and Oy are considered to be at their
eguilibrium values throughout the recombination zone, their pseudo mole
fraction may be taken from equilibrium tables. The tables used in this
study were compiled by Svehla {Ref. 20). The values of the other species
must be handled differently since they are not necessarily in equilibrium
concentrations. From Eq. (62), it is seen that

Ml = CIpy (63)

for each of the species. Combining this with the equilibrium Egs. (10)
through (12) gives

; 1] : [ouP
fff = — = Ky —mMm8M8M8M8M—
it e T} < Th,0 10, {64)
. {H,] {ou}
fh, = — = Ky, ——— (65)
C C'lo,
. fol _ [on¥: .
fo = Kk
C g (2 f‘HzP (66)
and
fon = [oH] 67
c
By using Eq. (63), Eq. {59) can be rewritten as
D] = RC{2fm,0 + 2ff, + fou - 1l {68)
Combining this with Eq. (62) results in
n = CI2R+1)f}H,0 + 2R+ D fH, + R+ 1 {oH
(69)

+ R+1) f'ﬂ + f’O,"'{‘O]

Subst1tut1ng into Eq. (69) the expressions found for fy, sz fo, and
fop in Egs. (64) through (67), then substituting into the resulting
equation the values for the pseudo mole fractions of Hp0O and Oy found
in the equilibrium tables, multiplying through by C and rearranging
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terms yield the result

CUmM+Difg + £0,] - Cln - R+ 1) (O]

2 2
+ |(2R - 1) Ky, [on] + Kp [’O“]
sz f'u,0

fouy
R+1)Kyy ——— =0
+ t '%,0 10, (70)

Equation (70) is then solved for C, and by using Egs. (63) through (67),
the concentration of each species may be found. This procedure was
written as a computer program and is included here as Appendix III.

This procedure is applicable for flames with temperatures below
2500°K. For these temperatures, the equilibrium mole fractions of
H,0 and Oy are not significantly affected by the presence of the diluent.
For higher temperatures, the equilibrium mole fractions are noticeably
affected by the diluent, and the calculation of species concentrations re-
quires an iterative process as developed by Peters, Peters, and Billings
(Ref., 21).

Calculations of the species concentrations were made, using the
method described above, from measurements of OH concentration and
temperature at various axial stations downstream of the reaction zone
for each of the six flames listed in Table II. The results of the subse-
guent calculations for the six flames are shown in Table III, The time
shown in the table and in later figures is the time downstream of the
reaction zone and is found by dividing the position above the burner where
the measurement was made by the rise velocity of the flame.

5.2.3 Determination of Chemiluminescence

If the absolute value of the total OH radiation due to A 2rt— X 2Hi
{0, 0) transitions were known, then radiation due to chemical reactions
{Qcp) could be found in a straightforward manner from Eq. {20). The
intensity of OH radiation from lean flames is too small to allow measure-
ment of the structure of the band, and the band is overlapped by other
bands. Therefore, the absolute value of the total radiation cannot be
measured directly, and a method of fitting curves based on the theory
must be used,
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The total measured relative radiation (Q) is made up of two parts,
thermal and chemiluminescent. This may be writien as

iQ = 1Qch + ‘Qun (71)

where the superscript (i) designates a particular station along the axis
of the flame. Although the absolute value of Q is not known, relative
values at different stations in the flame may be compared. In Fig, 18,
values at time tj and ty are compared, with their ratio being

'Q "Qer + 'Qun

19 T Qe+ 0 (72)

An absolute value for the thermal radiation may be found using Eq, (19).
Since the upper state is a 2L state, its statistical weight (gg) is 2. The
.vibrational statistical weight (gy) is unity. The electronic partition
function {p.f.)e is given by

(P.{.)e = § Ze e—En’kT (73)

which for OH is 4. The vibrational partition function (p. {. )v for the
A 2z% state is given by '

(pfi)y = T e ~CU)/kT (74)

where G(v) is the vibrational energy for the energy state whose vibra-
tional quantum number is v. The vibrational partition function is shown
as a function of temperature in Fig, 20, The electronic term level
energy for the 2F state of OH is given in Herzberg (Ref. 15) and has a
value of 32682 cm~!, The transition probability (A) is that found by
Broida and Carrington {Ref. 22) and has a value of 1,05 x 106 sec~1. U
these values are substituted into Eq. (19), the result is

0.525 x 10° = i:l’;__“" photons
Qu = ——— [OH], (75)

{p.1.)y gec-cm’

From the measurements of OH concentration and temperature as given
in Tables II and III, absolute values of @5, may be calculated for dif-
ferent points in the siream, in particular, at times t; and ty. These
values may now be substituted into Eq. (72).
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In Eq. (14), it is seen that, if the theory is correct, Qp should be
proportional to the fifth power of the OH concentration. This may be
written as

Qe = ‘lOH] (76)

Although the absolute value of Q.j, is not known, relative vaiues at
different stations in the flame may be compared, In particular, values
at times t; and t9 may be compared by using the values for OH concen-
tration found in Table III. Their ratio is

'‘Qen_ [OEF
Qen ol (77)

Equations (72) and (77) can be solved simultaneously to find absolute
values for 1Qgh and 2Qch. By using Eq. (71}, an absolute value can now
be assigned to the measured total radiation curve. If the total radiation
curve and the calculated thermal radiation curve are plotted in absolute
units as functions of time, the chemiluminescent radiation as a function
of time is given by the differences in the two curves, This is illustrated
in Fig. 21. The results of applying this method to the six flames used
in this study are shown in Fig, 22,

Theory predicts that a plot of log @}, versus log [OH] should result
in a straight line with a slope of 5. Such plots were made for each flame, -
using Fig. 22 to find the values of Q. and using Table HI to find the
corresponding value of [OH]. The results appear in Fig. 23, where
straight lines having a slope of 5 are shown with the experimental data
points. Since for each flame the experimental data fit the theory quite
well, it appears that the original assumption of partial equilibrium is
valid for the flames involved. It should be noted that emission measure-
ments were greater than predicted by this theory near the reaction zone.
This is consistent with the results of Kaskan (Ref. 7} in rich flames and
is to be expected for two reasons. One, the partial equilibrium concept
is not valid in the reaction zone, and two, it is thought that a different
excitation process may be taking place in the reaction zone (Ref. 19}.

5.2.4 Choice of Reaction

As may be seen in Fig. 23, the chemiluminescent radiation from a
lean flame is at the most only a few times greater than that expected
thermally. To obtain a straight line for a plot of log Q. versus log [OH],
a compensation had 10 be made for the thermal radiation. In a rich flame,
the OH radiation is much greater than the thermal radiation, and such a
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compensation was not necessary. This is illustrated in Fig. 6, in which
Kaskan shows that a straight line plot is obtained for iniensity versus |OH]
on log-log paper without compensating for the thermal radiation. Attempts
to show the 5th power dependence for lean flames using the data obtained
in this study resulted in plots with curvature,

The fact, established by data obtained in this study, that OH chemi-~
luminescent radiation is less intense in lean Hy flames than in rich flames
can be used to narrow the identification of the reaction responsible for the
excess excitation of OH. The kinetic rate equations for each of the Re-
actions (IX) through (XII) are

—dloulr _ k., il tony

” (78)

ll[‘-')“]"_ < ]

AL0M! |5 1y 101 041 [ (79)

L‘;‘”_‘ = hy1 (01 (1,1 (04} (e0),
L

aloul Ay U L0, (L] (&

d1

For Reaction (IX}, excitation would occur much more often in rich flames,
where |H| is larger than in lean flames. For Reaction (X), excitation
would occur at about the same rate in rich and lean flames because [Q] is
very small in rich flames, whereas |H] is very small in lean flames.

For Reaction (XI), excitation-would occur at about the same rate in rich
and lean flames because [O] is very small in rich flames and {Hs] is very
small in lean flames, For Reaction (XII), excitation would occur much
more ofien in rich flames, where both [H] and [Hs] are large and only

[Oa] is small; whereas in lean flames, both [H] and {Hy] are small and
[O5] is large.

The only reactions which can explain the experimental data are,
therefore, Reactions {IX) and (XII}). Wolfhard! stated that all efforts
to measure directly the preassociation phenomena, which he and Gaydon
(Ref. 4) proposed for excitation of OH to the v = 2 and 3, 2y levels of OH,
bad met with failure., Recent experiments (Ref. 19} in which excitation
o the (0, 0), (2,1), and (3, 2} bands of OH were examined at various

*Conversation with H. G. Wolfhard, AEDC, 1957.
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pressures in Hp-Og flames, showed that the preassociation reaction,
Reaction (III), contributes little if any to the excitation of the OH and
that one of the three-body reactions must be responsible, This was
reasoned from their results on the measurements at various pres-
sures. They proposed that at low pressures the two-body preassocia-
tion reaction should predominate over any three-body reaction. Since
the preassociation reaction can excite the OH radical to only the higher
vibrational levels, 2 and 3, these levels should show stronger excita-
tion relative to the v = 0 level than would be found at higher pressures.
The experiments showed that such a preference did not exist. Instead,
the excitation to each level remains essentially the same, relative to one
another, at both atmospheric and low pressures.

From these results, the only conclusion is that the reaction respon-
sible for the OH excitation must be one of the three-body reactions which
is sufficiently exothermic so as to excite OH to each of the upper vibra-
tional levels from v = 0 to v = 3. Examination of Table I shows that, of
the two Reactions (IX) and (XII}), only (IX) supplies the necessary addi-
tional energy for excitation to the higher vibrational levels. Therefore,
the excitation reaction responsible for the OH excitation has been nar-
rowed to Reaction (IX). :

5.2.5 Cul-culcﬁon of the Excitation Reaction Rate of OH

Now that the excitation reaction has been found, Eq. (20) may be
rewritten as

oA 2
Qch = s % e [M] Kix (H] [OH] (82)

This can be solved for KI_X and results in

A+ E: ko (M) Qch (83)
A [#Y [OHT?

Kix =

Since values of Q¢} as functions of [OH] for each flame are available
from Fig. 23 and the value of species concentrations have been found
for each flame for each measured value of [OH] , knowledge of the
quenching rates (k.y,,) would allow calculation of the excitation reaction
rate (Kpy) for each flame,

Values of the quenching rates were taken from data given by

Hooymayers and Alkemade (Ref. 23), who measured the resonance yield
factor {p) for the 2X - 2II (0, 0) transition of OH in several Ho-09-D
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flames. By comparing measurements in various flames of different
composition, they were able to calculate the quenching rates for each
species in the flame. Table IV (Ref. 23) shows the flame composition,
temperatures, and measured resonance yield factors for the flames
used in the study and the calculated quenching rates for the predominant
species in the flames. Quenching rates are essentially temperature in-
dependent (Ref. 24), and these results may be applied to the data found
in this study. Actuzally, the temperatures of the flames used in
Hooymayers and Alkemade's measurements are similar to the flame
temperatures of this study. For Hs lean flames, it is evident that the
only species with large enough concentrations to affect the quenching of
OH are Hg0O, Oy, and D. A value of Q¢p and the corresponding values
of [H], [OH], [H,0], [O3], and [D] for each flame were substituted into
Eq. (83) along w1th the values of k., from Table IV, and a value for
Kjx was found.

The radiative excitation reaction rate (pKIX) was calculated for each
flame. This is the constant that, when multiplied by the concentration
of the species involved in the reaction, gives the number of quanta per
second which will be emitted as a result of the chemical excitation. The
values of Kyyn, PKyx, and p for each flame are shown in Table V.

5.2.6 Measuremonts of the Excitation Rate

Three-body reactions are almost completely independent of temper-
ature (Ref. 24). Therefore, the values of the excitation rates (KIX] should
be approximately the same for each of the six flames. The average value
of K1y was found to be 2.3 x 10-32 ¢mb-molecule~2 sec-1, and its stand-
ard deviation was found to be 0.9 x 1032 cm®-molecule-2 sec-1. The
results may be compared with those found by Kaskan (Ref. 7) in rich
Hy-05-No flames He estimated a value for Ky to be approximately
3 x 10 =32 emb-molecules-2 sec -1, His estimate was based on a larger
value of A of 1,7 x 106 sec™1 and the assumption that all species in the
flame had equal quenching efficiency.

SECTION VI
CONCLUSIONS AND PROJECTIONS FOR FUTURE STUDIES

In this study, a method has been outlined for investigating extra-
thermal radiation from flames. In the case of chemiluminescence, a
method of approach for isolating the chemical reactions responsible was
shown. A method for calculating the excitation reaction rate of such a
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reaction was developed. A For the OH radical, the excitation reaction was
found to be '

Kix
ol +OH +« H =" OH* + H,0

and the rate of excitation (Kyy) was found to be (2.3 +£0.9) x 10732
cm8-molecule-2-sec1, Although this study was confined to the OH
radical, the methods developed could be extended to other species which
are known to be chemiluminescent in nature. These include NH, CN, Na,
K, Li, and many others.

An indirect result of this study was the conclusion that the concept
of partial equilibrium is valid for lean Hp-Og flames downstream of the
reaction zone, This supports the belief of many investigators in reaction
kinetics, '

Additional experimental and theoretical work in the study of the
chemiluminescent phenomena would be extremely valuable in advancing
basic knowledge of flame radiation processes. Measurements of the ex-
citation rates for other bands of OH might be the next logical step to take.
From there, the probelm of measurements of rates for chemiluminescent
excitation of NH and CN might be attacked. Each of these measurements
requires many experimental preludes including finding the appropriate
transition probabilities and the quenching rates by predominant species
in the flame. As each of these variables is found, it will add to the
knowledge necessary for predicting the intensity and the nature of the
radiation resulting from chemical reactions in flames.

REFERENCES

1. Kondratiev, V. and Ziskin, M. ''The Spectrum of the Hydrogen
Flames.' Acta Physica et Chemica {USSR), Vol. 7, No. 1,
January 1937, p. 65.

2. Gaydon, A. G. and Wolfhard, H. G. "Spectroscopic Studies of
Low-Pressure Flames; Temperature Measurements in Acety-
lene Flames.' Proceedings of the Royal Society of London,
Vol. A194, No. 1037, August 1948, pp. 169-184.

3. Gaydon, A. G, and Wolfhard, H, G. ''Spectroscopic Studies of
Low-Pressure Flames V. Evidence for Abnormally High .
Electronic Excitation.” Proceedings of the Royal Society of
London, Vol. A205, No, 1080, January 1951, pp. 118-134,

33



AEDC.TR-69-95

10,

1

1

13.

14,

-
N

4,

1.

2.

Gaydon, A. G. and Wolfhard, H. G. . '"'Predissociation in the Spec-
trum of OH; the Vibrational and Rotational Intensity Distribution
in Flames. " Proceedings of the Royal Society of L.ondon, Vol.
A208, No. 1092, August 1951, pp. 63-75.

Bulewicz, E. M., James, C. G., and Sugden, T. M, ''Photometric
Investigations of Alkali Metals in Hydrogen Flame Gases. "
Proceedings of the Royal Society of London, Vol. A235, No.
1200, April 1956, pp. 89-106.

Charton, M, and Gaydon, A. G. "Excitation of Spectra of OH in
Hydrogen Flames and Its Relation to Excess Concentration of
Free Atoms.' Proceedings of the Royal Society of London,
Vol. A245, Wo, 1240, May 1958, pp. 84-92.

Kaskan, W. E. "Abnormal Excitation of OH in Hy/Og2/Ng Flames. "
Journal of Chemical Physics, Vol. 31, No. 4, October 1958,
ppl 944_956-

Ellis, G. E. 'Literature Survey of the Kinetics of the H-O-N
System.' MR 20-202, The Marquardt Corporation, November
1962.

Kaskan, W. E, "Hydroxyl Concentrations in Rich Hydrogen-Air
Flames Held on Porous Burners.'" Combustion and Flame,
Vol, 2, No., 3, July 1958, p. 229.

Kaskan, W. E. '"The Concentration of Hydroxyl and of Oxygen
Atoms in Gases from Lean Hydrogen-Air Flames.'' Combus-
tion and Flame, Vol. 2, No., 3, July 19568, p. 286.

Getzinger, R, W. and Schott, G. L. 'Kinetic Studies of Hydroxyl .
Radicals in Shock Waves V. Recombination via the
H+ Og + M- HO3 + M Reaction in Lean Hydrogen-Oxygen Mix-
tures. " Journal of Chemical Physics, Vol. 43, No. 9, Novem-
ber 1965, pp, 3237-3247.

Mitchell, A. C. G. and Zemansky, M. W. Resonance Radiation
and Excited Atoms. The MacMillan Company, New York, 1934,

Penner, S. S. Quantitative Molecular Spectroscopy and Gas
Emissgivities. Addison-Wesley Publishing Company, Inc.,
Reading, Massachusetts, 1959,

Oldenberg, O. and Rieke, F. F. "Kinetics of OH Radicals as
Determined by Their Absorption Spectrum.' Journal of Chemi-
cal Physics, Vol, 6, No. 1, January 1938, p. 439.

Herzberg, G. Spectra of Diatomic Molecules. van Nostrand Com-
pany, Inc., New York, 1950. (Second Edition)

34



16.

17,

18,

19,

20.

21,

22,

23.

24,

AEDC-TR-69.95

Dieke, S. H. and Crosswhite, H. M. ''The Ultraviolet Bands of
OH," Journal of Quantitative Spectroscopy and Radiative
Transfer, Vol, 2, No. 4, April 1962, p, 97.

Learner, R. C. M. "The Influence of Vibration-Rotation Inter-
action on Intensities in the Electronic Spectra of Diatomic
Molecules. ' Proceedings of the Royal Society of London,
Vol. A269, No. 1338, September 1962, p. 311-325,

Brewer, L. E., Jr. and McGregor, W, K., Jr, "Experimental
Determination of a Rocket Exhaust Gas Temperature at Alti-
tude by Infrared Spectroscopy.' AEDC-TN-61-94 (AD325076),
September 1961.

Hinck, E. C,, Seamans, T, F., Vanpee, M., and Wolfhard, H. G.
"The Nature of OH Radiation in Low-Pressure Flames, "
Tenth Symposium (International) on Combustion, The Combus-
tion Institute, 1965,

Svehla, R, A, ''Thermodynamic and Transport Properties for the
Hydrogen-Oxygen System, ' NASA SP-3011, 1964,

Peters, C. E., Peters, T., and Billings, R. B. "Mixing and
Burning of Bounded Coaxial Streams. ' AEDC-TR-65-4
(AD458348), March 1965.

Broida, H. P. and Carrington, T. ''Fluorescence and Average
Lifetime of Excited OH (2E£") in Flames." Journal of Chemi-
cal Physics, Vol. 23, No. 11, November 1955, p. 2202,

Hooymayers, H., P. and Alkemade, C, T. J. 'Quenching of Ex-
cited Hydroxyl (2Zt, v’ = 0) Radicals in Flames." Journal
of Quantitative Spectroscopy and Radiative Transfer, Vol. 7,
No. 3, May 1967, pp. 495-504,

Fristrom, R. M. and Westenberg, A. A. Flame Structure.
McGraw-Hill Book Company, Inc., New York, 1965,

35



AEDC-TR-69-95

APPENDIXES

l. ILLUSTRATIONS
Il. TABLE

IIl. COMPUTER PROGRAM FOR CALCULATING SPECIES
CONCENTRATIONS IN LEAN H3-05 - D FLAMES

37



AEDC-TR-6%-95

-——Equilibrium Zone

Quasi-Equilibrium
Zone

Mixing and
Burning Zone

Premixed
Gases

Fig. 1 Type of Flame Used in Early Studies

39



AEDC-TR-69-95

Equilibrium
Region

/,/"QuaSi—Equilibrium
Zone .

Reaction | §
Zone e Porous Plug
(Y or Thick
T Metal Plate
RN N L\ VNN NWA) Metal Pl
1 f ~Small Holes
Premixed Fuel ~— lnert Gas
and Oxidizer 191‘ Sheath
L 1 T
Ve
\

Fig. 2 Type of Flame Obtained on Flat Flame Butners

40



17

Continuum

B
=
2 ; T 4
g5 Predissociation fo:
7 - TP 3 3
8 Preassociation 3 a
S A S e T 2 S
&) Vo
o
am
1 -
=)
4
0
3 o
o
o B
= >
« b
2 =t
S
oK
0
n
ot
1 =]
0

Fig. 3 Example of Preassociation und Predissociation between the Electronic States, A and B, of a Molecule

§6-69-41-203Vv



AEDC-TR-49-95

log I - log A(cm)4

™
=
I

[
[=
)

(Taken from Ref. 4)

o4 %t

oA st ~x '2ni

- X 21-[_
1

1

(1,0) Transitions
(2.1) Transitions

o b - d

34 36 38

Energy (cn™ 1) x 107

40

42

3

44

Fig. 4 Effect of Predissociotion on the Spectto of OH in o Low-Pressure Acetylene-Air Flame

42




(5 4

Relative Intensity

Fig. 5

—————— OH Emission, A 22‘.+ — X 2“1'. (0,0) Band

——— Li Emission, Red Lines

b ] \
b b \
-~ = “—
by - -y
== (Taken from Ref. 6)
M
10 . 15 20

Distance from Burner Exit {(mm)

Relative Intensities of OH and Li Radiation versus Height above Bumer in a H2-02-N2 Flame

§4-649-¥1-2343Y



AEDC.TR-69-95

1| =
>
e
e
0
g
@
e
o
=~ 0.1 =
4]
>
o
+
[
r~
Q
m I
0.011 =
(Taken from Ref. 7)
|
0.001
0.01 0.1 1

[oH] molecules % 10—16

cm

Fig. 6 Intensity of A 25X 21; (0,0) Bond of OH os o
Function of [OH] for Three Rich Flames with Dif-
ferent Fuel-Oxidizer Ratios

44



154

w

I

Transmitted Intensity,

“o

Wave Number, o

Fig. 7 Transmitted Intensity of Beam of Light as a Function of Wave Number for a Typicol
Spectral Absorption Line

§6-69-¥1-Da3Y



AEDC-TR-6%9-95

P
w

Absorption Coefficient,

(o}
Wave Number, w

Fig. 8 Absorption Coefficient, Py, os a Function of Wave Number, w, for o Typical
- Spectral Absorption Line

46



Ly

Normalized Emission Intensity

[ ad
—r

[ -

r

Fraction of Beam Transmitted

Narrow

Emission Li?f__,f’/”
from Source

Broad
Absorption
Line of
the Gas

¥Wave Number, w

Fig. 9 Ilustration Showing Principle of Spectral Line Absorption Technique

G6m69-d L-0d3V



8%

(p.£.),

1.00 | | | | ] | | { | |

o= -’ 40
1000 1200 1400 1600 1800 2000 2200

Temperature (°K)

Fig. 10 Vibrational, {p.f.) , and Rotational, (p.f.),, Portition Functions of the Ground, “If,
State of the OH Rodical as a Function of Temperature

§6-69-Y1-2Q3Y



6%

1.26
o
lo1.22
N
L) -
j=h
5
S 1.18 -
—
i
- L
o
T o1.14
1]
l.lOL | | | L I I
1000 1200 1400 1600 1800 2000 2200

Temperature (OK)

Fig. 11 Broadening Factor for OH Spectral Lines as o Function of Temperature for a Fixed
Pressure of One-Holf Atmosphere

2400

S4-69-d1-20Q3V



0S

_1)

Awp {cm

0.2800

0.2600

0.2400

0.2200

0.2000

| | | 1 1 | L | ] ]

0.1800
1000 1200 1400 1600 1800 2000

Temperature (°K)

Fig. 12 Doppler Width, Ay, of the R Spectral Line of the A 25 ¢ . X Iy; (0,0) Bond
of OH ot Half Intensity as o Function of Temperature

2200

€6°69-41-2d3Y



Infrared
Spectrometer

é Burner Face

Ultra-

Spectrom- :

eter OH
Source

Chopper

Blackbody

Fig. 13 Optical Arrongement of Spectrometers about the Burner

§669°¥1-04Q3vY



ras

Opaque
Mask

Prain

T

jl-\[ Water-Cooling Jacket/

Fused —J—

Silica
Window —/

Z T
7:

s Electrode Capillary Tube-//

H

2
]— Argon + Water Vapor Electrode—/

- +

Fig. 14 Water Vapor Discharge Tube Used to Give Narrow Line Emission of the OH Spectra

Yacuum
— ™ Pump

§6-69-uL-203V



AEDC-TR.59-95

___________ |
e = — —=——= T
I I Sheath Area :l
by | |
) |
|
|| Area | View
| I
| ||
| l
| | |
[ 1 ||
N g
oI -*
Cooling Passage
Z170% L. Z i
IV PN
Side
View
Tl T, B O P N
Copper
Shot
N2 .
Screen
Premixed H2 and 02—.-; .lq—-—Inert Gas

Fig. 15 Diagram of Flat Flame Bumer Used in OH Chemiluminescent Studies

53



AEDC-TR-69-95

Gas Supply

Regulator

Flow Rate F%Z
Control Valve

Pressure
Transducer

|
Orifice e—j— I

4

To Recorder

To Burner -

Fig. 16 Gas Centrol and Measuring System

54



¢g

valve to Plant
Exhaust Side

Condensation Coil

Water In

[

\

Contains a Condensation Coil

£

Valve to Drain Off
Collected Condensatjion

Drain

Fused Silica Windows

Contains Hydraulic Jack
for Positioning Burner

Fig. 17 Schematic of Test Cell

Condensation
Coll Water Cut

O W S W e em me e Wm s ey wm WA S oy :
\‘--!

*
-

- e s ams e mms

~— Jacket Cooling

Water Out

4— Cooling Jacket

-
[+
]

ct
(]
]

=t
[

=$ﬂ— Jacket Cooling

Water In

e

A

§6-69-¥1-003Y



UV Spoeclrograph

AEDC
3504-68
,.

Fig. 18 Photograph Showing Arrangement of Equipment around the Test Cell

64-69-¥L-243V



LS

Relative Intensity

Time (milliéeconds)

Fig. 19 Example of Relative Intensity of Raodiotion from A 2X + = X 2[1; (0,0) Tronsition of OH as a Function of
Time Downstream of the Reaction Zone for a H, -0, Flame
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Fig. 21 Example Showing the Relation between the Total Radiation Density, the Thermal Radiation
Density, and the Chemiluminescent Radiation Density
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Fig. 22 Total and Thermal Radiation Density from A 254X 2[[; (0,0) Transition of OH as
Functions of Time Downstream of the Reaction Zone
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TABLE |

ENERGY EXCESS AFTER EXCITATION OF OH FOR
SPECIFIED CHEMICAL REACTIONS*

AEDC-TR-69-95

27 i t=
Reactants AE, ev, for OH4L in v
0 1 2 3

H+ OH + OH 1.18 0.82 0.48 0.16

O+H+M 0.37 0 -0. 33 -0.66

O+H2+OH 1,04 0. 67 0.33 0

H+H2 +02 0.35 -0.01 0.35 -0, 68

*
Taken from Ref, 7.
TABLE I
FLAME CHARACTERISTICS
Flame hPremixed Qas Volume OH x 10-16 OH x 10-16
No. |} Ratios molecules-cm™3 | molecules-cm™3 | T cmperature,

_H_2 E@ D Maximum Minimum K

Oz D
1 1,000 10,385 N2 0. 296 0.116 1750
2 0. 900 (0.400 |Ng D. 306 0.114 1745
3 0.800(0.417 |N»o 0.288 0. 106 1740
4 0.700 (0. 445 |N»p 0.258 0.112 1750
5 0.700[0.375 | Ar 0. 343 0. 160 1860
6 0.700|0.375 [He 0. 323 0, 150 1830
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TABLE-ll
SPECIES CONCENTRATION FOR FLAMES LISTED IN TABLE Il

| Fame T | loHlx 10719, Hzo| x 16-17, | 10p) x 10-17, IH] x 10713, Ibl x 10-18,
! No, ime, MBEE | olecules-cm™3 | malecules-cm™? | molecules-em™3 | molecules-cin ™ molecules-cm”
H 0.:5 2.96 5.10 2,55 1.98? 1,33
0,34 2.46 5,10 2.55 1,07 1.33
0.54 2.07 5,10 2.56 0. 64 1.33
0.73 1,74 5,10 2.36 0.38 1,33
0.52 1,48 5. 11 2,56 0,24 1,33
1,12 1,34 5,11 2.56 0.17 1.23
1.31 1.23 5. 11 2.56 0.'11 1.33
2 0.14 3.06 5.10 3.11 1.4 .28
0.34 2.45 3, 10 311 0.68 1.28
0,53 2,03 5,11 3.1 0.50 1,28
0.72 1.73 5,11 3. 11 0.81 1.28
0.92 1,51 5.11 3.11 0.20 1.28
111 1.3¢ 5. 11 3.12 1,15 1.28
1,30 1,22 5.1t 3.12 0.11 1,28
1.49 1.4 5.11 3z 0.08 1.28
3 0.15 2.88 5,07 a9 1,36 1,22
0.14 2,45 5.07 3,79 0.75 1,22
0. 54 2.05 5,07 3.80 0.44 1.22
0.73 1,72 5,017 3 80 0.26 1,22
0.92 1.47 5.08 3,80 0.18 1,22
1.12 1.30 5.08 3,80 0.11 1.22
1.31 1,15 5.08 3.80 0.08 1.22
1.51 1 06 5.08 3.80 0.08 1,22
4 0.5 2.98 5.00 4.64 1.07 1.13
0, 34 2.40 5,01 4. 64 0.57 1.13
0. 54 2.00 5.01 4. 64 0,32 1,13
0,73 1.71 5,01 4,65 0.20 1.13
0.02 1.40 5.01 4. 65 0.13 1,113
.12 1,33 5.01 4,65 0.08 .13
1,31 1,22 5,01 4,85 0.07 1.13
1.51 ' 1,12 5,01 4,85 0.06 1.13
V3 0.18 H 3.43 4,28 396 1.28 1.45
' 0.44 2,82 4.28 307 0.71 1.45
0.68 2.40 4.2 3.87 0.44 1.45
0,83 2,12 4,28 3,97 0,30 " 1,45
1,18 1,93 4, 2¢ 5,97 0.28 1,45
1,43 1.79 4,20 3.97 0.18 1.45
1,66 1.68 4.29 3,87 0.15 1.45
1.83 1. 60 4,29 3.97 0.13 145
¢ 0.13 3,23 4.33 1,03 119 1,64
0.3: 2.63 4.35 4,08 0.64 1.84
0.48 2.28 4,35 404 0.42 1. 64
0, §6 2,01 4.36 1.04 0.28 1.64
0. 83 1.82 4.36 4.04 0,21 1. 64
1.00 1.68 4.36 4,04 0.17 1.84
1.14 1,58 4.86 4.04 0,14 1. 84
i 1.35 [ 1.50 4.38 4,04 0,12 1.84
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TABLE IV
FLAME COMPOSITION, RESONANCE YIELD FACTOR OF OH FLOURESCENCE, p,

AND QUENCHING RATE, k

t e

FOR FLAME SPECIES*

FlI?:e ﬁg{gp;i:ésgéz Tempep;l'aaﬁie, g | PX 103 kom (cms-molecule'l-sec'l) x 10~9
1 H,O[ 0.21 1790 1.3 0.834
Og 0.155 0. 223
AR 0. 863 0
2 Hy0O| 0, 225 1760 0.9 0.834
N, | 0.77 0. 120
3 Hp0| 0. 21 1500 0.75 0. 834
Oy | 0.155 0.223
Ny | 0.63 0.120

*Taken from Ref, 23.
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TABLE Y

EFFECTIVE REACTION RATES, RESONANCE YIELD FACTORS, AND
EXCITATION RATES FOR SIX HYDROGEN FLAMES

35 2
Flame No. cmﬁ-;tifczlele(')z-sec'l px 109 cm —II:cfl}fecxullg?z-sec'l
1 2. 23 1.63 1.37
2 3. 97 1.62 2.45
3 1.43 1.61 0. 89
4 4.39 1.60 2. 74
5 6. 72 2.35 2. 86
6 7. 17 2.36 3.04
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APPENDIX IlI

COMPUTER PROGRAM FOR CALCULATING SPECIES
CONCENTRATIONS IN LEAN H ,~0,- D FLAMES

This program calculates species concentrations in lean Hy-Oy-D
flames for temperatures less than 2500°K from measurements of the
temperature and OH concentrations. It begins by solving the equation,

CUeR + D fjr0 + 16,] - C2ln — R + 1) [OH]]

+C [(2R+ kg, Ok, [ou]=]

fo, I'e,0

loH] _

fa,0lo,

+ (R+ 1)Ky 0

for C, where

Yolume Flow Rate of D

2 x Volume Flow Hate of H,

n is the number density of molecules, which is a function of T, and
the f/'s are equilibrium mole fractions as found in Hy-O4 equilibrium
tables (Ref., 24) and are functions of T and equivalence ratios.

The species concentrations are then calculated from the equations:

[H,0] = C %0

[0:] = Cfb,
(on}

C' 0 I,

{oul

”

[Hzl = KH:

[on]?

0] = K
0 Cih,o
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I. MAIN PROGRAM

IMPLICIT REAL*8 (A-H,0-2)
COMPLEX*8 R1,R2,R3,R4
DIMENSION OHI (50) ,NP(50)

10 READ (5,90)NPOS,NFLAM
IF (NPOS.EQ.0) GO TO 50
WRITE (6,140) NFLAM
READ (5,110} R,PH20,P02,XKH2,XKO,XKH,T,SCAL
READ (5,110) (OHI(K) ,K=1l,NPOS)
READ (5,90) (NP(K}),K=1,NPOS)
DO 40 I=1,NPOS
OH=0HI (I)
XN=3 67D+21/T
T1=2 *R+]
T2=R+1
C3=(T1*PH20+P02) *SCAL**3
C2=- (XN=-T2*QH) *SCAL**2
T3=0H*OH/P0O2
T4=0H*OH/PH20
T5=0H*OH*OH/ (PH20*P02)
Cl=(T1*XXH2*T3+XKO*T4)*SCAL
CO=T2*XKH*T5
C4=0.0
CALL P4ROOT {C4,C3,C2,Cl,CO0,R1l,R2,R3,R4,IERR)
X=AIMAG(R1)
Y=REAL (R1)
IF (X.EQ.0) GO TO 30
X=AIMAG (R2)
Y=REAL (R2)
IF (X.EQ.0} GO TO 30
X=AIMAG (R3)
Y=REAL (R3}
IF (X.EQ.0) GO TO 30
WRITE (6,130)
GO TO 40
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30 C=Y*SCAL
H20=C*PH20
02=C*P02
H=XKH*T5/ (C*C)
O=XKO*T4/C
H2=XKH2*T3/C
XM=R* (2,*H20+2.*H2+0H+H)
WRITE (6,120) NP(I),H20,02,H,0,H2,XM
40 CONTINUE
GO TO 10
50 STOP
90 FORMAT (2014)
110 FORMAT (6E12.0Q)
120 FORMAT (16,1P7El7.6)

Il. SUBROUTINE

SUBROUTINE P4ROOT {(A,B,C,D,E,R1l,R2,R3,R4,IERR)
COMPLEX R1,R2,R3,R4,ED,EF -
COMPLEX * 16 RE,IM,RI,RJ,P,Q,El,E2,Gl,G2,PARTR,PARTI,
ROSIT'QZIQa
IERR = 0
IF (A) 100, 110, 100
110 R¢ = O.
IF (B) 200,210,200
210 R3 = 0.
IF (C) 300,310,300
310 R2 = 0.
IF (D) 381,380,381
380 IERR =1

GO TO 500
381 Rl = -E/D
GO TO 500
300 ASSIGN 360 TO N
Q2 =D / C
Q3 = E / C
350 RE = «Q2/ 2.
IM = CDSQRT(RE**2 = (3)
RI = RE + IM
R = RE - IM

GO TO N ,(360,410,420)
360 R1 = RI

R2 = RJ

GO T@ 500
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200 Cc/B
D/B
E/B
= C3/2. - Cl *C2 / 6 . + C1l**3 / 27
= CDSQRT (Q**2 +(C2 / 3. - Cl**2 / 9 _)**3)
201 IF (CDABS({P-Q)) 11,10,11
10 E1 = O.
GO TO 12
11 ED = P-Q
IF (AIMAG(ED)) 35,30,35
30 1r (REAL{(ED)) 32,10,35
32 E1 = -1.0 * DEXP(DLOG(CDABS (P-Q)) / 3.)
GO TO 12
35 E1 = CDEXP(CDLOG(P-Q) / 3.)
12 1IF (CDABS (-P-Q)) 21,20,21
20 g1 = 0.
GO TO 22
21 EF = -P-Q
IF (AIMAG{(EF)) 45,40,45

Y oNoNORS
w N

40 IF (REAL(EF}) 42,20,45
42 G1 = -1.0 * DEXP(DLOG (CDABS (-P-Q)) / 3.)
GO TO 22

45 Gl = CDEXP(CDLOG(-P-Q) / 3.)

22 IF (A) 400,26,400

26 PARTR = -(E1 + Gl1) / 2. - Cl / 3.
PARTI = (0,0.5) * DSQRT(0.3D1l) * (E1 - G1)
Rl = E1l + Gl - Cl1 / 3.

R2 = PARTR + PARTI
R3 = PARTR - PARTI
GO TO 500
100 B =B / A
c=C/A
D=D/A
E=E/ A
E2 = (4, * C * E — (B**2) * E - D**2) / 2, + C *

B *D-4, *E} 1/ 6. = C**3 /7 27.
G2 = CDSQRT (E2 ** 2 + (B * D - 4, * E - C **2 / 3.,)
**3 /27, )
G2
E2
0 TO 201

El + Gl + C / 3.

CDSQRT (B**2 / 4. - C + R)
(B¥R = 2.* D) / ( 4. * S**2)
= B/2. + S
Q3 = R/2. + S*T
ASSIGN 410 TO N
GO TO 350 .

QO W

400

OHsngx
(Y]
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410

420

500

Rl = RI

R2 = RJ

Q2 = B/2. - S
Q3 = R/2. - S*T
ASSIGN 420 TO N
GO TO 350

R3 = RI

R4 = RJ

RETURN

END

(i
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